One of the central questions of developmental neuro biology concerns how the diversity and specificity of individual neurons are generated during embryonic development. One major component of neuronal diver sity is the complex axonal morphology of individual neurons, largely generated early in development and in timately involved in the ability of neurons to find their correct synaptic targets. By a process of precise pathfinding, growth cones find the appropriate neurons or muscle cells, often by traveling long distances along stereotyped routes that involve a series of cell-specific choices and turns.
ment. For these studies, we have used the highly ac cessible and relatively simple CNS of the grasshopper embryo (e.g., Goodman and Spitzer 1979; Goodman and Bate 1981).
In this paper, we review what we have learned about the growth cones of the first six progeny of neuroblast 7-4 in the grasshopper embryo, and in particular focus our attention on the growth cone of the G neuron (Raper et al. 1983a ). These growth cones, like most other embryonic growth cones, find themselves in an environment surrounded by the axons of other pre viously differentiating neurons. These axons run in fascicles that take the form of a scaffold of nearly orthogonal axon bundles (Fig. 1) . These growth cones are within filopodial grasp of many different axon bundles, yet each makes a cell-specific choice of which bundle to run in.
Here we show that the G growth cone fasciculates upon a discrete bundle of axons in preference to other nearby bundles (Raper et al. 1983b ). This bundle, called the A/P fascicle, is established by the A l, A2, PI, and P2 neurons; the A l and A2 axons run anterior ly where they meet and fasciculate with the PI and P2 axons (and shortly thereafter, the P3 axon), which run posteriorly. As G reaches its choice point and subse quently extends anteriorly upon the A/P fascicle, its filopodia are more often in contact with the A/P fasci cle than with other nearby axon fascicles (Bastiani et al. 1984) . Within the fascicle itself, the tip of G's growth cone is found to be closely associated with the P and not the A axons. These findings suggest that G is able to distinguish the A/P fascicle from other axon bundles, and moreover appears able to distinguish the P axons from the A axons.
Our observations led us to propose the " labeled pathways" hypothesis (Goodman et al. 1982; Raper et al. 1983b ). It proposes (1) that pioneering neurons establish stereotyped axonal pathways; (2) that these axonal pathways are differentially labeled on their cell surfaces; and (3) that later growth cones are differen tially determined in their ability to make specific choices of which labeled pathways to follow. This hypothesis includes the notion that filopodia are active ly involved in sampling the surfaces of axon bundles within their grasp and that differential cell adhesion by filopodia and growth cones mediates the selective fasciculation.
We tested this hypothesis by examining the effects of ablating the A l, A2, PI, P2, and P3 axons upon the behavior of the G growth cone (Raper et al. 1984). If 588 the A/P fascicle specifically guides G's growth cone through the neuropil, then its ablation should prevent G's normal behavior. If G's growth cone is determined to elongate upon particular axons within the fascicle, then only the ablation of those particular axons should affect G's behavior. Our results suggest that the A/P fascicle plays an important role in guiding G's growth cone and that it is the P axons specifically that appear to be most active in this role. These results, as de scribed in detail below, thus support the " labeled pathways" hypothesis.
Divergent Choices Made by the Growth Cones o f Sibling Neurons
The grasshopper embryo is an excellent preparation in which to study the guidance of neuronal growth cones because ( 1) individual identified neurons and their growth cones are highly visible and accessible, and (2) the pattern of neurons and their axons is rela tively simple and highly stereotyped (e.g., Goodman and Spitzer 1979; Goodman et al. 1979 Goodman et al. , 1981 (Fig. 1) .
NB 7-4 gives rise to about 100 progeny. The first ganglion mother cell born from NB 7-4 divides and gives rise to a pair of identified neurons called Ql and Q2 (Fig. 2) . The second ganglion mother cell gives rise to the G and C neurons, and the third ganglion mother cell gives rise to the Q5 and Q6 neurons. diverge from each other at stereotyped, cell-specific choice points: Q1 and Q2 turn posteriorly along the most medial axon pathway, G and C turn in opposite directions along the lateral pathway, and Q5 and Q6 turn anterior along a different medial pathway (Fig. 2) .
The growth cones of first G and then C extend past the location in the contralateral neuropil where Q 1 and Q2 turned posteriorly. G's growth cone continues laterally until it reaches a specific location at the lateral margin of the contralateral neuropil (Fig. 3) . Here it often appears to pause for periods of up to 10 hours. During this period in which G's growth cone stops ex tending laterally, C's growth cone catches up to G's. It is quite common for the G and C growth cones to have nearly identical morphologies and positions in the neuropil for many hours. Once G's growth cone has begun to extend anteriorly, its rate of growth increases to about 20 ^m/hour. This period of rapid elongation leaves C's growth cone behind at the choice point. C's growth cone branches and extends quite slowly in both directions. Its posteriorly directed branch eventually begins to elongate rapidly into the T3 ganglion and beyond.
We observed the filopodia of the G and C growth cones by visualizing cells after intracellular injection of either horseradish peroxidase (HRP) or Lucifer Yellow (Fig. 3) . As the G growth cone reaches its choice point and slows down, it usually becomes quite broad and complex in shape. It sometimes has several anteriorly directed bumps with filopodia extending in tufts from each of these bumps, called active sites (Fig. 3A) . The G growth cone becomes long and tapered once its rapid growth into the connec tive has begun (Fig. 3C) . The young axon behind the growth cone generally has numerous lateral filopodia that later disappear.
Selective Fasciculation onto Specific Axonal Pathways
One prominent feature of G's environment at its choice point is the scaffold of nearly orthogonal axon bundles elaborated by previously differentiating neurons (see Fig. 1 ). As the G growth cone turns anteriorly, its growth cone always fasciculates upon a discrete bundle of axons in preference to other nearby bundles. We were able to identify the A l, A2, PI, and P2 neurons whose axons initially establish this bundle, called the A/P fascicle, first by axonal microelectrode penetra tions and dye injections, and subsequently by electron microscopy (Figs. 2 and 4C ). The axons of the A l and A2 neurons extend anteriorly through the dorsal lateral neuropil. They meet and fasciculate upon the two pos terior growing axons of the PI and P2 neurons. The axon of the P3 neuron joins the fascicle just after PI and P2. The A l and A2 cell bodies are found in the T3 ganglion, on the side contralateral to their axons. The PI, P2, and P3 cell bodies are found in the T2 gan glion, on the side ipsilateral to their axons. The P I, A l, and A2 growth cones move through G's choice point at about the same time that G turns anteriorly.
C's growth cone extends posteriorly within the same axon bundle as G's. However, by the time C begins to extend predominantly in the posterior direction, there are several more axon profiles in the bundle in addition to the G, C, A l, A2, PI, P2, and P3 axons (e.g., the A/P fascicle in the anterior direction as shown in Fig.  4D ). For example, another potentially important pair of identified neurons that contribute axons to this bundle are XI and X2 (Fig. 2) , whose axons extend posteriorly in advance of C's growth cone.
Ultrastructural Analysis of the G Growth Cone and Its Filopodia
We have examined the ultrastructure of the G growth cone, its filopodia, and its filopodial environment (i.e., those cells within filopodial grasp) in serial and semi serial sections on the transmission electron microscope (TEM). Reconstructions were made from either HRPfilled neurons (Figs. 4C,D, 5, 6 , and 7) , or from serial thin sections in which individual axons and growth cones were identified according to their location and morphology (Fig. 4A,B) . The G growth cone and its filopodia were examined just before it climbed onto the A/P fascicle, or shortly after it began to extend ante riorly upon the A/P fascicle.
There are several other longitudinal axon bundles within 10 fim of the A/P fascicle (Fig. 5) . For example, one of these bundles, the D fascicle, runs about 5-10 fim dorsal and slightly medial to the A/P fascicle (shown in Fig. 5) cycle, then at any one moment, only a small percentage of filopodia will be at their maximum length. However, those filopodia that contact a particularly adhesive sur face will retain their full length as their contractile cy cle produces tension rather than retraction. Thus, at any one moment, one might expect to find more filopodia contacting the surfaces of particularly adhesive axons, those filopodia being on the average longer than the filopodia touching other axons, and those filopodia run ning along and in contact with the adhesive axons for greater distances than the filopodia touching other axons. In one example from a TEM reconstruction at a time before the G and C growth cones extend onto the A/P fascicle, the G and C filopodia were in extensive con tact with all four axons in the A/P fascicle, whereas they made only brief contact with the D fascicle (Fig.  6A) . Moreover, they ran along and contacted the axons Before the G and C growth cones extend onto the A /P fascicle, they leave the comm issural fascicle con taining their siblin g's axons and extend dorsally and laterally toward the A /P fascicle (see Fig. 4 A ) . The leading filopodia and lam ellipodia from G 's growth cone appear to wrap around and prefer the P axons over the A axons at this time (Fig. 4B ) . Once G 's growth cone has turned anteriorly upon the A /P fascicle, its filopodia continue to be in extensive contact with the A and P axons. Interestingly, the tip o f G 's growth cone was found in all four cases examined to be closely associated with the P and not the A axons (F ig. 6B ). T hese fin d in g s'su g g est that G is able to distinguish the A /P fascicle from other axon bundles. M oreover, it is likely that it can distinguish the P axons from the A axons. Although the electron micrographs present a static picture o f a dynamic process, the results suggest that this selective fasciculation is likely to be mediated by differential adhesion o f the filopodia o f the G growth cone to the A /P fascicle and, in particular, to the P axons. The experimental manipulations were performed dur ing a relatively narrow tim e w indow (1) after the growth con es o f both the A l and A 2 neurons had turned into the ganglionic connectives and (2) before the growth cones o f the G, A 1, or PI neurons reached the location at which G turns anteriorly (approximately 37% o f em bryogenesis; see Fig. 7 A ) . If the embryo is removed from its egg and cultured at 29 °C for 4 0 -4 8 hours, G 's growth cone continues extending to a lateral position in the neuropil and then turns onto the A /P fascicle and extends in the anterior-posterior axis (Fig.  7B ) . In favorable cultures, the distalmost tip o f the G 's growth cone advances anteriorly into the ganglionic connective join in g the second and first thoracic segm ents (equivalent to 42% o f em bryogenesis). Thus, w e are able to attain sufficient developm ent in culture to exam ine the cues that guide G 's growth cone through its choice point and anteriorly through the neuropil o f the second thoracic ganglion. G 's m orphogenesis in culture is not entirely normal. For exam ple, G 's primary growth cone turns in an alm ost ex clu sively anterior direction in ov o , whereas in culture it often branches and extends both a long neurite anteriorly and a shorter neurite posteriorly (e .g ., Fig. 7B) .
Effects of Axon Ablations upon the Behavior of the G Growth Cone
The axons o f the A l , A 2, P I, P2, and P3 neurons were prevented from making the A /P fascicle in the second thoracic ganglion (1) same for all preparations (F ig. 8A) . This indicates that the relatively invasive experimental procedures em ployed in this study cannot account for the effects o f ablating the A and P neurons. Ablation o f the A l , A 2, P I, P2, and P3 axons clearly has a signifi cant effect on G 's ability to extend anteriorly (Fig. 8B) . The more developed the control side, the more obvious is the deficit on the experimental side. Evidently, G can proceed only with great difficulty more than a short distance anteriorly in the absence o f these axons.
Cutting only the A axons appears to have no signifi cant effect upon G 's anterior progress (F ig. 8C). K ill ing only the P I, P2, and P3 neurons produced fairly variable results, which as a w h ole, indicate that the absence o f the P cells does affect G 's anterior progress (Fig. 8D ) . W e were able to verify in three preparations that at least one A axon had traversed the second thoracic neuropil. In conclusion, our results show that the A and P ax ons are required for G 's normal extension anteriorly, and they further suggest that the A and P axons are dif ferentially labeled. Although the results from these sim ple ablation paradigm s strongly support the labeled pathways hypothesis, they do not allow us to prove it definitively. At the cellular level, this could best be ac com plished by manipulations in which the behavior o f G 's growth cone is observed after altering the locations o f the A and P axons (rather than simply ablating them) in an otherwise intact neuropil.
DISCUSSION
Thus, it appears that most embryonic growth cones use the surface labels on previously differentiated ax onal pathways for selective fasciculation. 
